Heterosis is the increase in vigor that is observed in progenies of matings of diverse individuals from different species, isolated populations, or selected strains within species or populations. Heterosis has been of immense economic value in agriculture and has important implications regarding the fitness and fecundity of individuals in natural populations. Genetic models based on complementation of deleterious alleles, especially in the context of linkage and epistasis, are consistent with many observed manifestations of heterosis. The search for the genes and alleles that underlie heterosis, as well as for broader allele-independent, genomewide mechanisms, has encompassed many species and systems. Common themes across these studies indicate that sequence diversity is necessary but not sufficient to produce heterotic phenotypes, and that the molecular pathways that produce heterosis involve chromatin modification, transcriptional control, translation and protein processing, and interactions between and within developmental and biochemical pathways. Taken together, there are many and diverse molecular mechanisms that translate DNA into phenotype, and it is the combination of all these mechanisms across many genes that produce heterosis in complex traits.
Introduction
Heterosis has been observed and, in some cases, harnessed in many diverse systems. Examples of interspecies crosses of mammals that produce heterotic phenotypes include the mule resulting from a cross between a male donkey and a female horse, and the liger resulting from a cross between a lion and a tiger. In both cases, these interspecific hybrids are larger and, by some measures, more vigorous than the parents. However, many interspecific hybrids suffer from reduced longevity and reductions in fertility. Heterosis in humans has been proposed, sometimes controversially, to affect multiple phenotypes including attractiveness [1] , IQ [2, 3] , and height [4] [5] [6] . In agricultural settings, there are numerous examples in which heterosis has been harnessed to create more productive and more uniform products including livestock [7] [8] [9] [10] [11] and crop plants (reviewed in [12] [13] [14] [15] [16] [17] [18] [19] ). Heterosis can also be captured and fixed through the process of polyploidization which is common in the plant kingdom (reviewed in [13, 14, 20] ). In this case, hybrids formed by sexual combination of unreduced gametes or by hybridization followed by chromosome doubling are often fertile and have often been classified as a new species. Polyploid individuals show a general trend toward an increase in size, and the capture of heterotic genetic effects can further enhance their fitness and productivity.
The impressive phenotypic manifestations of heterotic hybrids coupled with the economic importance of hybrid strains have led to extensive research to understand its basis. This research has followed evolving knowledge of genome composition and genetic and biochemical mechanisms and is enabled by technical advances that facilitate new measurements of phenotypes and molecular processes.
How Is Heterosis Defined?
Historical accounts of the development of the modern concept of heterosis are provided in several excellent articles [15, [21] [22] [23] . Documentation of the importance of inbreeding and performance included descriptions by early agriculturists who noted the deleterious effects of inbreeding in both plants and animals and took measures to minimize 2 ISRN Botany this effect. Collins [24] documents activities of primitive tribes to mitigate inbreeding and maximize heterosis by placing seeds of multiple strains within each hill of maize that they planted. Darwin [25] experimentally evaluated the detrimental effect of mating among relatives supporting the idea that genetic diversity is related to hybrid vigor. Research on maize was important in developing some of the early ideas of heterosis [26] [27] [28] [29] and has continued as an important experimental organism to the present. Shull's [30] article "The composition of a field of maize" is widely regarded as it provided seminal foundational ideas for inbreeding and hybridization in crop plants and was important in nucleating research in the recent era.
The fundamental concept of heterosis, as envisioned by Shull, is that deleterious alleles persist in large randommating populations. Inbreeding due to drift, population isolation, or consanguineous mating by plan or by chance reduces vigor of individuals or populations due to increasing homozygosity of deleterious alleles. Vigor is restored by crossing among divergent types as recessive deleterious alleles are complemented in the hybrid state. This fundamental idea is consistent with many examples of heterosis across species.
Heterosis is quantified on an individual or population basis as the difference in the performance of the hybrid relative to the average of the inbred parents (termed the midparent value). For quantitative genetic analysis, the deviation of the hybrid relative to the mid-parent is the relevant value. In a practical context, high-parent heterosis, which measures the superiority of the hybrid relative to the best parent, is the important metric.
The conceptual opposite of heterosis is inbreeding depression [31] . This is the loss of vigor following related matings. Heterosis is often viewed as maximizing heterozygosity and, in contrast, inbreeding depression is due to reduction in heterozygosity. Inbreeding depression is measured as the reduction in performance in proportion to reduction in heterozygosity. Inbreeding depression is important in many settings including agriculture such as in maintenance of heirloom varieties, conservation biology, and human health. In any circumstance in which matings occur in small populations and/or assortative mating occurs, there is an increased risk of reduction in vigor and homozygosity of deleterious alleles in genotypic contexts that are otherwise rare in populations.
It is important to emphasize that measures of heterosis are phenotype-dependent. For example, interspecific mammalian hybrids may display increased size, vigor, and other desirable fitness traits, but have are often highly sterile and therefore have reduced fecundity. Flint-Garcia et al. [32] measured 17 traits among 267 maize hybrids and found that the amount of heterosis in any hybrid relative to its parents was trait-dependent and that hybrids could not be simply classified as heterotic or nonheterotic. From a research standpoint, this indicates that the search for mechanisms of heterosis must be conducted within the biological context of specific traits; in a practical context, it motivates research to better predict heterotic hybrids that will provide maximum productivity for specific traits of interest.
A Case for the Dominance Hypothesis: Early 1900s to Present
According to quantitative genetic theory, heterosis can result from dominance, overdominance, or epistasis. Overdominance is an intra-allelic interaction in which the presence of multiple alleles leads to greater performance than homozygosity for either allelic state. If overdominance is the predominant basis of heterosis, then populations and breeding strategies that maximize heterozygosity will result in the best performance. On the other hand, if dominance or epistasis is the primary mechanism of heterosis, natural or breeding populations, and therefore individuals, will become fixed for favorable alleles and perform equally to any hybrid. This issue was addressed from the early to mid-1900s by analysis of variance components (summarized in Hallauer et al. [33] ). Variance decomposition studies in hybrid maize populations using mating designs such as the North Carolina Design III resulted in significant estimates of overdominant gene action (summarized in [33] ). However, Moll et al. [34] and Gardner and Lonnquist [35] realized that variance estimates could be confounded by linkage. Specifically, if positive and negative alleles were in repulsion phase linkage and the gene action of each locus was partial to complete dominance, the alleles at the two loci would frequently segregate together resulting in estimates of overdominance. In the Moll et al. [34] and Gardner and Lonnquist [35] studies, the average degree of dominance was estimated in the first generation of intermating from a population cross and then after intermating incrementally for multiple generations. The result of these studies was that the estimate of the average degree of dominance decreased, consistent with partial dominance-not overdominance-of most loci contributing to heterosis coupled with repulsion phase linkage.
The importance of dominance versus overdominance was further supported by recurrent selection studies in which populations were evaluated in crosses with each other, or with an inbred tester. Research by Russell et al. [36] in maize supported dominance versus overdominance as the primary basis of heterosis. One component of their study was the comparison of response to selection of populations selected based on performance of a cross with an inbred tester versus a population tester. If overdominance is the primary mechanism of heterosis, then the inbred tester would improve the population more than the population tester because in an inbred, alleles are fixed whereas in a population, they are intermediate in frequency. The result of this component of the study was that the inbred and population tester improved performance of the population similarly, consistent with the importance of dominance relative to overdominance. A second component of the Russell et al. [36] study was the analysis of selection in two populations based on performance of the population cross. If overdominance was the primary basis of heterosis, the populations would diverge due to selection and increase homozygosity of alternative alleles within the populations to maximize heterozygosity and performance of the population cross. The result would be increasing performance of the population cross and decreasing performance of the populations per se. Alternatively, if dominance (or epistasis) were the primary mechanism of heterosis, the frequency of the favorable allele would increase in each population, and therefore also in the population cross, resulting in increasing performance of the populations and populations cross. The result of their study found increasing performance in all populations, supporting the importance of dominance versus overdominance. Note also that the level of linkage disequilibrium in these materials was likely quite low, minimizing confounding effects of pseudooverdominance.
Quantitative trait locus (QTL) mapping studies in maize are also consistent with dominance versus overdominance as the prevalent type of gene action underlying heterosis for productivity. Initial QTL studies indicated many QTL with overdominant gene action in populations derived from heterotic maize hybrids for traits such as yield and plant height [37, 38] . However, subsequent genetic dissection of an QTL with estimated overdominant gene action showed that the original QTL could be separated into two, linked QTLs in repulsion phase with dominant gene action [39, 40] conducted a QTL mapping study using 3 recombinant inbred populations using a North Carolina Design III approach. The results of this study were consistent with previous studies in maize. Overdominant gene action was estimated for QTL controlling grain yield, but those QTL were found in centromeric regions with high linkage disequilibrium (LD) and were interpreted as pseudooverdominance. Consistent with many other studies, the degree of heterosis was traitdependent, with greatest heterosis for yield. Therefore, recent QTL mapping studies in maize are also generally consistent with a prevalence of dominance underlying heterotic traits including yield and yield components and growth traits such as plant height.
Xiao et al. [41] evaluated heterosis for ten traits per se using a testcross evaluation of a recombinant inbred line population derived from an interspecific indica × japonica cross in rice. The authors concluded that dominance was the primary basis of heterosis in this cross based on evidence from QTL, the absence of significant digenic epistatic interactions, and the relatively low relationship between marker heterozygosity and performance for most traits. Furthermore, two inbred lines from the population exceeded the performance of the hybrid, consistent with the proposition that, under the dominance hypothesis, it is possible to produce a homozygous individual that contains all the favorable alleles that produced the observed hybrid performance.
Despite a preponderance of evidence for the role of dominance in heterosis for yield in plants, especially in the context of linkage resulting in pseudooverdominance, there are observations that are inconsistent with the dominance hypothesis. One important observation is that, in some hybrids, the performance of the hybrid is greater than the sum of the parents. Given complete dominance, the maximum performance of the hybrid would be equal to the sum of the parents. Furthermore, as described below, welldocumented examples of overdominance exist, and there is growing evidence for the role of epistasis using new experimental and statistical approaches.
Overdominance: Rationale and Examples
Overdominance is conceptually consistent with the idea that genetic dissimilarity per se stimulates vigor and, in a practical context, the optimum genetic state is heterozygosity versus homozygosity for favorable alleles. Overdominance provides an explanation for examples in which hybrid performance is greater than the sum of the parents, an incongruity with the dominance hypothesis.
Estimates of overdominant gene action have now generally been attributed to pseudooverdominance as described above. However, intriguing examples of overdominance have been reported. A biochemical example of overdominance provided by Schwartz and Laughner [42] was intellectually important in fueling the ongoing debate regarding the basis of heterosis. This study involved the activity of the enzyme adh1, which functions as a heterodimer. An allele of the enzyme with high activity was combined with an allele that had heat tolerance. The activity of the resulting biallelic enzyme was superior to that of either monoallelic form under specific stress conditions. This result provides a conceptual basis to consider molecular mechanisms by which intra-allelic interactions would provide increased performance and stress tolerance.
Krieger et al. [43] reported a single-gene model for overdominance based on developmental timing. In this study, heterozygosity for a functional allele and a loss-offunction allele at the single flower truss (SFT) locus in tomato results in overdominant fruit yield. This gene is homologous to Arabidopsis Flowering Locus T (FT) which is involved in the production of the flowering hormone florigen. Overdominant gene action for yield, in this example, is a result of shifting the developmental program so that an increased number of flowering inflorescences can form in the heterozygote relative to the wild-type homozygote which ends inflorescence production earlier and the mutant homozygote that produces limited inflorescences and more vegetative growth. In contrast to the specific example of an intra-allelic interaction in the case of adh1 heterosis, the SFT result is based on dosage-dependent molecular expression (possibly additive) that results in a balance of gene product that is manifested in an overdominant phenotype. The SFT result is also compelling as there are likely multiple examples of intra-and inter-specific hybrids in which loss-of-function or allelic absence due to presence/absence variation (PAV) are combined in hybrids with a functional allele. Finally, this example highlights the potential productivity outcomes of fine-tuning developmental programs.
Semel et al. [44] evaluated gene action for 35 traits in tomato using an introgression line population in which each line of the cultivated tomato (Solanum lycopersicum) parent contained a small contribution from the genome of the wild species Solanum pennellii. The introgression lines were crossed to a cultivated line to produce hybrids. Most of the reproductive traits related to seed and fruit yield exhibited overdominance, while nonreproductive traits related primarily to morphological characteristics did not. Based on the fact that some traits exhibited overdominance while others did not, the authors argued that this study supported true overdominance as opposed to pseudooverdominance. Additional research is required to assess whether this interpretation is correct.
These examples and others not included here provide evidence that overdominance can play a role in heterosis. However, the majority of the studies to date, based on response to selection, genetic variance partitioning, and QTL mapping are consistent with a lesser role for overdominance than dominance.
Epistasis: Emerging Evidence for the Role of Epistasis in Heterosis
The role of epistasis in heterosis remains elusive, although recent experiments provide increasing evidence for its importance. Estimates of epistatic variance in early studies of heterosis were limited by experiment size and computational capacity. Recent studies utilizing molecular markers and modern, computationally intensive statistical approaches, have increased ability to detect epistatic interactions. Generation means analysis provided some of the first compelling evidence for the role of epistasis in hybrid performance. A recent example provided by Wolf and Hallauer [45] used a means-based analysis to support of role of epistasis in heterosis. The triple testcross analysis compares the relative performance of segregating progeny when testcrossed to both parents and to the F 1 hybrid. Deviation in performance of the F 1 testcross from the average of the parental testcrosses is consistent with epistatic gene action. Using this approach, the authors detected epistasis for multiple traits including yield, yield components, and timing of development among progeny of the heterotic hybrid B73 × Mo17.
Recent studies in maize, rice, and Arabidopsis based on QTL mapping report epistasis for various traits. Kusterer et al. [46] used a triple-testcross design in the context of QTL analysis in Arabidopsis to characterize the importance of epistasis for biomass traits. This research was complemented by a related study of near isogenic lines [47, 48] . Recent QTL mapping studies support the role of epistasis in rice [49] [50] [51] . The type of epistasis varies in these studies, from primarily additive × additive epistasis to dominant epistatic interactions, at least in part due to experimental materials and approach. Yu et al. [49] evaluated inbred F 2 -derived F 3 families from the intraspecific cross Zhenshan97 × Minghui63 and reported a predominance of additive × additive interactions underlying performance for grain yield. In contrast, Li et al. [50] evaluated backcross (BC) and testcross hybrids from progeny of an interspecific japonica × indica hybrid and reported overdominant epistatic interactions. Hua et al. [51] evaluated an "immortalized F 2 " population based on intermating recombinant-inbred lines and reported the important role in dominant × dominant epistatic interactions. Interpreting and summarizing trends across these studies, (1) interspecific populations whose parents have been genetically separated for a greater period of time exhibit more segregation and a greater degree of epistatic gene action, (2) experimental designs which utilize individuals with more heterozygosity (testcross or intermated RIL) detect higher levels of dominance, and (3) interpretation of overdominance remains confounded with pseudooverdominance in most studies.
It is logical to consider the potential relevance in the context of metabolic and physiological pathways. One physiological pathway that has been studied specifically in the context of heterosis is gibberellic acid (GA) metabolism and signaling. Production of GA involves a multistep pathway, and transduction of the GA signal involves a complex signaling network. Therefore, this metabolic and signaling pathway provides ample opportunity for the expression of epistatic gene action. In maize, inbreds contain less endogenous GA and precursors than corresponding hybrids [52] . Application of exogenous GA stimulates growth of inbreds more than hybrids [53, 54] , consistent with the hypothesis that the reduced efficiency of inbreds to produce GA results in reduced biomass accumulation. A recent study in rice provides similar support for the role of GA in heterosis for biomass accumulation [55] . This study provided metabolic and transcriptome evidence to support the importance of GA synthesis and signaling in heterosis during rice seedling development.
The role of epistasis in heterotic and nonheterotic trait performance remains intriguing and perplexing. Conceptually, it is clear that many and diverse complex pathways interact to produce phenotypes in individuals supporting the likelihood that genetic epistasis should be detected. However, genetic epistasis requires not only interacting molecular pathways, but also allelic variation within interacting pathways of sufficient magnitude to provide a significant statistical interaction. Large QTL mapping studies find little evidence for epistatic interactions for specific developmental, architectural, and biochemical traits [56] [57] [58] although, as described previously, heterosis is greater for highly complex traits such as grain yield, traits for which quantitative genetic studies more often support the role of epistasis. In cases in which qualitative mutations have been introgressed into multiple genetic backgrounds, there is compelling evidence that expression is highly background-dependent. Therefore, it is logical by extension that genes of smaller effect should interact in the same way. However, the effect of individual genes/QTL must be of sufficient magnitude for interactions to be detectable within the constraints of specific experimental designs and population sizes. Understanding of the role of epistasis in heterosis and expression of other traits will continue to improve as molecular tools and statistical approaches advance. Current evidence suggests that there is much more to be learned about epistatic gene interactions underlying heterosis.
It is important to recognize that estimates of gene action are based on a logical framework of genes, alleles, and allelic effects (e.g., Falconer and Mackay [59] ), and interpretations are only relevant in the context of that framework. In the next section, I will discuss molecular mechanisms that are consistent with that framework. However, mechanisms of phenotypic variation due to locusindependent, genomewide mechanisms have been proposed and will be summarized later in this paper. Note that phenotypic variation due to these mechanisms will still be partitioned within the context of gene-specific models in variance component studies due to restrictions in the model, but may actually result from a more general mechanism.
Molecular Evidence Consistent with Quantitative Genetic Models
The concept of heterosis has evolved parallel to discoveries on the molecular basis of mutation, the control of transcription and translation, and the discovery of heritable chromatinbased allelic states. Quantitative genetic models underlying current breeding and variance partitioning models are based on heritable allelic variation that provides consistent effects within defined genetic and environmental contexts. An early and still prevalent model of alternative allelic states is the presence of every gene in all individuals of a species with an array of sequence variants that could confer minor to extreme functional consequences including intermediate-tocomplete loss-of-function alleles. This concept is consistent with extensive single-nucleotide polymorphism (SNP), indel, and transposon variation found within and near genes when comparing individual genomes within species [60] [61] [62] [63] [64] [65] . The discovery that plant genomes contain a large proportion of repetitive transposons raises the possibility for transposons to influence the expression of nearby genes including altering expression levels, producing ectopic gene expression, and producing allelic variation by introducing footprints following insertion and excision [66] . Recently, the growing realization of the importance of presenceabsence variation (PAV) and copy number variation (CNV) supports the concept of pangenomes within species in which all individuals within a species may not contain a copy of all the genes found across the species [67] [68] [69] [70] . Finally, heritable epialleles [71] provide a sequence-independent mechanism to produce altered expression levels that might be able to more rapidly revert to support rapid direct or natural evolutionary change. All of these allele-generating mechanisms-SNPs, transposons, PAVs, and epialleles-are consistent with the hypothesis that locus-specific intra-allelic interactions with some degree of dominance are responsible for heterosis. For example, SNPs can reduce function by altering the activity or productivity of enzymes or by reducing the efficiency of transcription factor binding. Loss-of-function could result from SNPs producing nonsense alleles or altering splice junctions, or loss of transcript due to absence of a sequence or by epigenetic silencing. Alleles with reduced or complete loss of function can be accumulated in random-mating highly heterozygous populations of individuals. Upon inbreeding, homozygosity of deleterious alleles would result in loss of vigor (inbreeding depression) that would be restored by mating of genetically unrelated individuals.
Novel alleles occur in the context of chromosomal locations, and recent studies that define the nonlinearity of recombination event frequency across the chromosome [72] are consistent with observations of pseudooverdominance. Accumulation of mutations in centromeric regions with limited recombination results in quantitative genetic estimates of overdominance in variance analysis and QTL studies due to the high degree of persistent linkage disequilibrium in these regions. The potential of regions with limited recombination to harbor deleterious alleles that rarely have the opportunity to recombine is the basis of the concept of heterotic patterns used by plant breeders, is consistent with heterosis observed in genetically isolated natural and artificial populations, and provides a basis of the value of polyploidy to fix heterotic gene interactions by combining divergent but related genomes.
Heterotic patterns used by plant breeders [73] provide a useful conceptual model to discuss heterosis in isolated populations. Breeders have purposefully separated breeding lines into distinct groups (parental pools) and limited intermating between pools as a way to maximize the performance of hybrids between parents selected from the groups. Consider, for example, the possibility that a species with 10 chromosomes has a pair of loci on each of the 10 chromosomes 1 centimorgan apart in repulsion phase with dominant gene action. It would be relatively straightforward based on phenotype or genotype to develop two breeding pools that would be fixed for the complementing allelic pairs at each of those 10 positions producing full performance of the hybrids between the pools. However, gametes containing recombination events in each of the intervals would be required to produce an individual out of the founder population with favorable alleles at all 20 loci (10 pairs). In a single generation, this combination would occur at a frequency of 0.05 10 = 1 in 10 trillion individuals, more than 5 times the number of corn plants grown in the United States in any year. In reality, the situation is much more complex with multiple loci in repulsion phase in genomic regions of high and persistent LD making it logical to capture the performance potential of linkage blocks as opposed to trying to identify exceptionally rare recombinant types that resolve repulsion-phase linkages. This concept can be applied to geographically or genetically isolated populations. Inbreeding due to drift would lead to divergence of genomic blocks in high LD regions resulting in reduced overall performance. After many generations of separation, heterosis would be observed upon crossing the populations to each other due to complementation.
While the dominance hypothesis has been described by some as the "old view" of heterosis, it is consistent with the majority and diversity of results observed across species including predictable heritability for performance when populations are subjected to selection, estimates of gene action in controlled experiments, and recent information on the molecular basis of allelism. Nevertheless, it is possible that quantitative genetic models conceived in the early 1900s do not adequately capture all of the molecular mechanisms understood today, and there are at least anecdotal accounts of specific hybrids that perform beyond expectation based on classical quantitative genetic models. These observations continue to spur research into molecular mechanisms, perhaps genomewide and locus-independent, that are needed to explain at least some component of heterosis.
Genomic Analysis of Heterosis
Phenotype is the result of the interpretation of genetic information through the processes of transcription, translation, and metabolism and development. Genomic studies have, therefore, assessed the transcriptome, proteome, metabolome, and related control mechanisms in inbreds and hybrids as an approach to evaluate the relationship between observed phenotypes and underlying molecular pathways. The simplest interpretation would be a direct relationship between molecular expression and observed phenotype, such that additive amounts of transcript would produce an intermediate phenotype. It is important to note that the connection between molecular measures and final phenotype will likely not be that clear, as in the tomato example of overdominance cited above [43] in which the intermediate transcriptional expression at the SFT locus resulted in overdominance for yield.
Transcriptome studies measure the relative total amount of transcript per locus, or can measure the relative contribution of each allele in hybrids. Both types of information are useful and complementary, but it is important to recognize that they are different measures of transcription and that neither provides information on transcript of an individual gene per cell. Genome-wide studies of the transcriptome in inbred versus hybrid parents reveal that a majority of genes are expressed in an additive manner [74] [75] [76] , and a smaller proportion of genes show nonadditive expression of which a very small percent show expression outside the parental values (transcriptional overdominance or epistasis). Non-additive gene action could result from genetic and epigenetic intra-allelic interactions including paramutation, or from interallelic interactions (epistasis). One example of an epistatic interaction resulting in expression beyond parental values would be the complementation of alleles in a heterodimeric transcription factor that would result in transcriptional activation of a pathway in a hybrid that is not transcriptionally active in either parent due to absence of one component. It is notable that this type of epistatic interaction is rarely observed in genomewide transcriptome studies.
Overall transcription at a locus is a combined contribution from each parent. It is possible that an additive value of expression could result from a linear contribution of each parental allele in the hybrid relative to its expression in the inbred (cis control) or could be due to the heterozygote of a distant controlling factor modulating the level of expression (trans control). Stupar and Springer [74] evaluated the allelic contribution to expression in the hybrid across multiple loci and found that the majority of loci were controlled in cis. This is generally consistent with observations by Guo et al. [77] who studied genomewide allele-specific expression in maize hybrids and found primarily intermediate contributions from both parents with some loci exhibiting maternal or paternal bias. In a related study, Guo et al. [78] reported that paternally biased expression was higher under the stress of high plant density and higher in an old hybrid versus a new hybrid indicating a potentially important environmental component to observed expression values.
Additive transcript levels of genes could result in nonadditive phenotypic performance in several ways. First, presence of a single favorable allele may be sufficient to provide protein function equivalent to the high-parent level even if both are expressed and the favorable allele is present in only one-half the amount. Second, additive expression levels could be observed in the hybrid in cases of a presenceabsence allelic contrast in the parent with one parent having no expression and the other expressing a functional product. The hybrid may have only half the expression of the parent containing the gene, but that amount of expression could be sufficient to complement the deficiency due to the absence of the gene in the other parent. Therefore, the observed results are consistent with quantitative genetic observations based on phenotype. It is notable that the hybrid is generally a predictable combination of the inbred parents and that it does not exhibit genomewide luxuriant transcription levels which are not predictable by parental expression levels as suggested by some models [79] .
Various studies have measured small RNA levels in inbreds and hybrids, some of which present a strong suggestion for the role of small RNAs in heterosis [80, 81] . A recent study in maize using Illumina sequencing and qPCR confirmation revealed that, as with gene transcription, small RNA levels are generally additive in the hybrid with amounts predictable based on the inbred [82] . It is possible that, as with genic transcription factors, additive interactions among different small RNAs could result in non-additive expression of the loci that they control, although this type of expression is a minority. An interesting finding in the Barber et al. [82] study was the observation that hybrid maize plants relative to their inbred parents, all containing the mop1 mutation (a protein which is necessary for most 24nt small RNA production), were equally or more heterotic than nonmutant hybrids. This result indicates that this specific class of small RNAs is not required for heterotic phenotypic expression in maize hybrids.
Proteomic analysis is another approach that has been used to characterize molecular components of heterosis. Proteomic analysis of seedling roots of maize [83] [84] [85] [86] and rice [87] indicates that non-additive expression of proteins in hybrids versus inbreds is more frequent than non-additive transcriptional variation. Dahal et al. [88] compared two heterotic maize hybrids to a non-heterotic hybrid. They found that proteins enriched in stress response and protein and carbon metabolism were differentially expressed in heterotic hybrids. Their results indicated that the degree of heterosis was correlated with the frequency of protein isoforms and/or modifications.
In summary, extensive genomic studies provide insights but no direct answers regarding the basis of heterosis. All modes of gene action-additivity, dominance, overdominance, and epistasis-are observed at the molecular level, but the interpretation of those molecular effects to final phenotype remains complex and largely undefined. Overall, the results are consistent with the importance of specific allelic variants in the manifestation of heterosis and with the predictable inheritance of molecular phenotypes. However, some mechanisms have been proposed that are independent of allelic effects and rather are genomewide responses to genomic diversity. These potential mechanisms will be discussed in the following section.
Genomewide Models to Explain Heterosis
Heterotic expression of phenotypes is, in many instances, correlated with genetic distance [89] [90] [91] [92] [93] . While this is generally true, the relationship is clearest in the comparison of hybrids with similar adaptation, and which have been selected for productivity (summarized by Melchinger [94] ). An example would be the collection of public and private, off-PVP maize inbreds released in the US that have been selected for performance in generally similar contexts. Within this group, there would be an expectation of a strong correlation between genetic diversity and performance based on the breeding method by which the lines were developed. As the genetic distance becomes greater, and complexities of adaptation are introduced, the relationship between performance and genetic diversity is lost. Therefore, genetic diversity per se is not the sole basis for heterosis. By extension, other mechanisms that generate diversity such as mutagenesis would not be expected to produce heterosis commensurate with the degree of divergence. Nevertheless, it has been postulated that the genome has mechanisms to sense diversity and the response to diversity can be translated into heterotic performance. Genomewide mechanisms are those considered to be gene/allele-independent. Note that, based on this definition, genomewide mechanisms would also be considered to be trait-independent producing heterosis for all traits to a similar degree. In general, heterosis across hybrids is not general but rather is trait-specific (summarized in Kaeppler [95] ).
One genomewide mechanism that has been proposed as a basis of heterosis is changes in DNA methylation, or more broadly, chromatin state. Heritable epigenetic variation is a common attribute of plant genomes, likely more frequent than sequence variation (Becker and Weigel [96] ). The possibility of directed, or at least more frequent, changes in DNA methylation in hybrids relative to their inbred progenitors is consistent with the potential stimulation of growth based on diversity per se. It is also commensurate with allele-and locus-specific observations of paramutation [97] [98] [99] in which the allelic interaction results in a heritable change in expression state, an observation inconsistent with the tenets of quantitative genetic theory. Recent studies of genomewide methylation analysis by sequencing inbreds and hybrids suggest that repeatable methylation changes upon hybridization, likely directed by small RNAs, may be somewhat common [100, 101] , but more research is needed to understand the impact of these changes on gene expression and phenotype.
Sequence-based analysis of DNA methylation provides more detail than previous studies based on total proportion of 5-methyl cytosine in the genome, but studies based on proportion of methylated cytosines provide some intriguing hints about environmental influences on methylation changes, and potential differences among species. Tsfartis et al. [102] reported reduced levels of DNA methylation in hybrid relative to inbred maize plants and found the reductions to be related to stress (planting density). Furthermore, alterations in methylation were found to be heritable. Recently, Vergeer et al. [103] reported that inbreeding in Scabiosa is correlated with increased genomewide DNA methylation and methylation is reduced in hybrids. Furthermore, they report that application of a demethylating agent, 5-azacytidine, to inbreds restored productivity to the hybrid level. While 5-azacytidine has genomewide effects, it is not clear if the observed stimulation of vigor is a locusspecific effect, perhaps related with flowering. This result is in contrast to Shen et al. [101] who reported increases in DNA methylation in hybrids relative to inbred progenitors and reduced vigor in hybrids treated with a chemical that reduced methylation. Generally, in species exhibiting inbreeding depression, little evidence exists that neither DNA methylation or chromatin mutants, nor chemical treatments to reduce DNA methylation or alter histone modification, will stimulate vigor. In most cases, vigor would be expected to be reduced in these mutants and by these treatments.
Goff [104] proposed a model accounting from multigenic heterosis based on gains in energy efficiency due to protein processing in hybrids relative to inbreds. The model proposes that allelic choice available in hybrids but not inbreds provides hybrids the opportunity to detect and express preferentially the favorable allele. By minimizing expression of alleles that will require energy-intensive protein recycling, hybrids realize a synergistic growth benefit that begins to be realized during early growth with benefits accumulating throughout the life-cycle of the plant. This idea is consistent with the idea that diversity per se is not the basis of heterosis, but maximizing "quality" alleles in hybrids contributes to performance regardless of the function of those genes. It is in contrast to the observation that manifestation of heterosis is trait-dependent. Genomewide models of heterosis predict that vigor for all heterotic traits would benefit similarly.
Polyploidy, Aneuploidy, and Heterosis
Polyploidy provides a mechanism to capture heterotic gene combinations. In addition, the phenotypic consequences of gene copy number in polyploids and aneuploids, even those containing single alleles at all loci, may offer hints about mechanisms underlying heterosis [13, 20, 105] .
Allopolyploids are formed by the union of distinct genomes in a single nucleus. The process of allopolyploidization can result from hybridization followed by somatic chromosome doubling or, more frequently, fertilization of unreduced gametes. Allelic complementation at common loci in the homoeologous genomes is fixed upon polyploidization, thereby fixing heterotic potential contributed 8 ISRN Botany by the component species. This mechanism of capturing heterotic performance through the process of polyploidization is consistent with the dominance/overdominance/epistatic models described above. Furthermore, polyploids have additional opportunity for epistatic interactions due to potential segregation of interacting loci contributed by the component genomes as well as independent segregation of allelic variants at homoeologous loci.
An interesting observation in autopolyploids of progressive heterosis [106] . Progressive heterosis is the increase in performance of individuals as the probability of allelic diversity increases. Specifically, the level of performance is greater when more than two alleles at a locus are possible than when only two alleles can be present. The observation of progressive heterosis has alternatively been interpreted as consistent with pseudooverdominance due to repulsion phase linkage of dominant alleles [107] and as an argument against simple complementation and for higher-order intraallelic interactions [12] . Across diploid species, the bulk of current evidence supports complementation (dominance) versus intra-allelic interactions (overdominance).
An intriguing phenotypic consequence of polyploidy and aneuploidy is the difference in performance due to the number of genomic complements, or to variation in doses of whole chromosomes or portions of chromosomes, and these consequences may have implications for heterosis [12, 108, 109] . These differences in performance can occur independent of any allelic diversity. Haploids in plants are generally lacking vigor, and doubled haploids (dihaploids) are as vigorous as sexually derived individuals of the same ploidy while being completely homozygous. In cases, where polyploid series have been produced, individuals of higher ploidy are often more vigorous than lower ploidy progenitors, although fertility is often compromised. Therefore, increased performance for traits such as forage yield is possible in the absence of allelic diversity simply by increasing DNA content per cell. On the other hand, altering the dosage of chromosomes or chromosome segments in aneuploids often reduces vigor and performance. In aneuploids, underand over-representation of chromosome segments similarly results in reduced vigor. Therefore, pathways clearly exist across organisms to sense gene dosage [109] , and the phenotypic consequences of polyploidy and aneuploidy are similar to differential performance of inbreds and hybrids. In the context of the dramatic presence/absence and copy number variation observed in many species, it is interesting to consider the possibility that dosage sensing is an allele-independent mechanism underlying heterosis. For example, consider that through segregation of PAV/CNV alleles, inbreds accumulate a specific level of average dosage imbalance across the genome due to segregation and result in reduction in vigor. Hybrids formed between crosses of inbred lines would have average gene copy number across the genome that would be less deviant than either inbred parent restoring vigor. From a breeding standpoint, if dosage imbalance is important in performance, selection based on performance would tend to minimize CNV in genomes, at least at loci subject to a dosage response.
Summary and Integration
It is clear that much remains to be learned about genome composition and the role of transcription, translation, and posttranslational mechanisms in interpreting genes into phenotype. While it is certain that future discoveries will explain more about the process of heterosis, it is my opinion that a new and undiscovered molecular mechanism is not needed to ultimately explain heterosis. Heterosis is greatest for highly complex traits composed of multiple component phenotypes. An accumulation of the effects of a large number of genes with small effects and some level of dominance, taken in the context of recombination across the genome, is sufficient to explain heterosis and is consistent with directed and natural evolution. Mechanistically, the undiscovered territory is the multiplicity of specific mechanisms by which the cumulative influence of a large number of allelic variants is manifested.
Discussions of heterosis are often confused by inconsistent separation of absolute measurement of performance (yield, productivity, etc.) versus true measures of heterosis which is the deviation of the performance of a hybrid individual or population from its parental progenitor. Performance of many traits has been shown to be inherited in an expected and repeatable manner, indicating that performance in the hybrid state cannot be the result of mechanisms that are not manifested through selection and inbreeding. Quantitative genetic models based on dominance and epistasis explain heterosis, observed phenotypic variation and are consistent with observations of reduced heterosis (deviation of hybrid performance from mean of inbreds) as the performance of hybrids is improved. Recent genomic studies which show that large regions of the genome have limited recombination, providing a mechanism for the accumulation of deleterious mutations that can only be resolved and purged in rare recombinant gametes. The increasing number of ways that deleterious alleles can be produced including SNPs, transposon insertions and signatures, PAV, and epiallelic variation provides new ways to account for formation of deleterious alleles. The bulk of available data are highly consistent with the dominance (complementation) hypothesis as the primary basis of heterosis. Furthermore, heterosis is of greatest magnitude in highly complex traits such as grain yield which is affected by many interacting developmental, metabolic, and environment response pathways supporting that a large number of genes, likely each with small effects, are cumulatively responsible in the context of interacting (epistatic) pathways to explain performance and heterosis. Diverse molecular mechanisms that interpret DNA sequence into phenotype will be involved, and research to characterize pathways and fundamental molecular mechanisms will be important to understand heterosis in the context of diverse phenotypes, each independently displaying heterosis in specific genetic contexts.
There is no missing, gene-independent, unifying mechanism to explain heterosis-heterosis is the result of the diversity of genes, pathways, and processes known and yet to be discovered. Specific examples may highlight one mechanism or process in the context of a specific trait and genetic context, but those examples are just examples and do not overshadow the fact that extant natural variation is the resulting accumulation of the results of millennia of mutation and natural and artificial selection manifested in the organisms that we measure today. To say that there is no missing unifying mechanism is not meant to diminish the importance of fundamental research. Rather it is meant to highlight the importance of diverse fundamental experiments to ultimately understand biologically and economically important phenomena such as heterosis and to suggest that the final answer to the basis of heterosis will be the accumulation of results of many and diverse studies and not a singular, unifying, novel discovery.
